Studies were conducted in northern Bohemia to simultaneously evaluate personal exposures to air pollution in the form of respirable particles containing polycyclic aromatic hydrocarbons (PAHs) and biomarkers of exposure, biological effective dose, genetic effects, and metabolic susceptibility. The series of biomarkers included PAH metabolites in urine, urine mutagenicity, PAH-DNA adducts in white blood cells determined by32P-postlabeling, PAH-albumin adducts determined by enzyme-linked immunosorbent assay (ELISA), DNA damage in lymphocytes detected by comet assay, chromosomal aberrations, sister chromatid exchanges, and glutathione S-transferase Ml (GSTM1) genotypes. For these studies, a group of women who work outdoors about 30% of their daily time was selected. In a pilot study, a group of women from a polluted area of the Teplice district (northern Bohemia) was compared with a group of women from a control district of southern Bohemia (Prachatice). In a follow-up repeated-measures study, a group of nonsmoking women from Teplice was sampled repeatedly during the winter season of 1993 to 1994. Personal exposure monitoring for respirable particles (<2.5 pm) was conducted for the 24-hr period before collection of blood and urine. Particle extracts were analyzed for carcinogenic PAHs. In the pilot study and in the follow-up study, a highly significant correlation between individual personal exposures to PAHs and DNA adducts was found (r= 0.54, p= 0.016; r= 0.710, p< 0.001, respectively). The comet parameter (percentage DNA in tail; %T) correlated with exposures to respirable particles (r=0.304, p=0.015). The GSTM1 genotype had a significant effect on urinary PAH metabolites, urine mutagenicity, and comet parameters (%T and tail moment) when the GSTM1 genotype was considered as a single factor affecting these biomarkers. Multifactor analysis of variance considering exposure and adjusting the data for GSTM1, age, and diet showed that the effect of personal exposures to PAHs on the variability of biomarkers (DNA adducts, comet parameters, urine mutagenicity) might be higher than the effect of the GSTM1 genotype. These results show the importance of considering all potential factors that may affect the biomarkers being analyzed. Environ Health Perspect 104(Suppl 3): 591-597 (1996) 
Introduction
Northern Bohemia, a highly industrialized brown coal basin, was one of the most polluted areas in all of Europe (1) . Highsulfur brown coal is used not only by power plants (this area produced 35% of the electricity used in the former Czechoslovakia), glasswork, and chemical and petrochemical industries but also for heating homes, large apartment complexes, and business facilities. In addition to industry, heavy automobile traffic en route to Germany contributes to the air pollution in this area. The health consequences of environmental pollution are a major concern of the Czech Government and the public. Early studies provided evidence of a high incidence of cancer and reproductive and behavioral effects (2, 3) . Teplice, one of the mining districts in northern Bohemia, was designated in 1991 as a model district for improved environmental monitoring and research on the health effects of air pollution as part of a large interdisciplinary project called the Teplice Program. The studies reported here are part of the project Biomarkers of Exposure to Mutagens and Carcinogens. The objectives of this project are to simultaneously evaluate personal exposures and internal measures of exposure, biological effective dose, early biological effects, and metabolic susceptibility using a series of biomarkers.
The first studies in which biomarkers detected seasonal differences in exposure and genetic damage from environmental pollution were conducted in a population from a highly polluted area in Silesia (Poland) (4) (5) (6) (7) . In these studies, the investigators were not able to determine the relationship between individual exposure to air pollution and biomarkers of exposure and genetic damage because personal exposure data were not collected.
In our studies, polycyclic aromatic hydrocarbons (PAHs) were selected as the air pollution marker for monitoring of personal exposures. PAHs and their nitroderivates associated with respirable particle fraction (RSP) have been identified as a major source of carcinogenic risk in urban areas (8, 9) . An air quality monitoring and receptor modeling study (10) the urinary PAHs and metabolites; however, the range of exposures overlapped between these two districts. The higher mutagenic response was observed in the urine of smokers in all mutation assays as compared to nonsmokers from the both districts, but these data were not significant due to high interindividual variability within this relatively small group (12) . Within the nonsmokers from Teplice, significant correlation of personal exposure to carcinogenic PAHs with DNA adducts was found (r= 0.54, p = 0.016) (13) .
Based on the results obtained in the pilot study, we started a follow-up study with a group of nonsmoking women from the town of Teplice. This report is an update of the ongoing investigation providing information about the relationship between individual environmental exposures to carcinogenic PAHs, the GSTM1 genotype, and biomarkers of exposure and genetic damage.
Methods

Subjects and Sampling
Informed consent was obtained from each subject prior to beginning this study. A questionnaire was administered to each subject to determine her individual lifestyle (e.g., diet, smoking habits, passive smoking exposure, alcohol consumption, residence in district). Any persons with medical treatment, radiography, or vaccination within the previous 3 months were not included in the study.
In the pilot study, a group of 30 women from Teplice city from 18 to 51 years of age (median= 36 years) and 30 women from Prachatice city from 28 to 54 years of age (median = 42 years) were selected, as described in detail elsewhere (11) . Most of the subjects were lifetime residents of these districts. In the Teplice group, 9 women were smokers (smoking 3-15 cigarettes/ day), whereas women in the Prachatice group were all nonsmokers. The pilot study was conducted during the last week of November 1992 in Teplice and the first week of December 1992 in Prachatice and lasted 2 days for each group.
In this study we selected 19 nonsmoking women from 18 to 52 years of age (median= 31.5 years) with residence in Teplice city (13 postal workers and 6 gardeners). Ten of these women were also part of the pilot study. The nonsmoking status was verified by determination of cotinine in urine samples using radioimmunoassay (14) . The (11, (15) (16) (17) .
Urine MutAgenicity and PAH Metabolite Analysis
Urine samples were tested for mutagenicity in the plate incorporation assay using tester stains TA98 and YG1041 and in the Kadomicrosuspension assay using the YG1041 strain because these strains are the most sensitive to PAHs and nitro-PAHs present in air samples from north Bohemia (16) . Both assays were performed with and without metabolic activation. The detailed procedures are described by Cerni et al. (12) .
For detection and quantitation of the parent PAHs and their metabolites (PAH/ metabolite) in urine, two independent methods (HPLC and gas chromatographymass spectrometry) were used as described in detail by Lewtas et al. (11) .
DNAAdduct Analysis by 32p-posdabeling White blood cells (WBC) were isolated from fresh heparinized blood by centrifugation at 900 xg for 20 
Cytogenetic Analysis
Lymphocyte cultures were prepared from the whole blood as previously described by Sorsa et al. (22) . The microscopic slides were stained with Giemsa (for detection of CA) or with fluorescence plus Giemsa (for detection of SCE). Chromosomal aberrations were evaluated in 100 metaphase cells per sample by two independent cytogeneticists using coded slides. Chromatid and chromosome breaks and chromatid and chromosome exchanges were scored according to Buckton and Evans (23) Tris, 1% Triton X-100, 10% DMSO, pH 10), unwinding for 60 min, and electrophoresis for 40 min at 20 V (0.67 V/cm, 300 mA). The same buffer was used for both unwinding and electrophoresis (300 mM NaOH, 1 mM Na2EDTA, pH, 13.0), and these procedures were performed at 40C under dim light. After electrophoresis neutralizing buffer was applied (0.4 M Tris, pH 7.5) and the nuclei were stained with ethidium bromide (20 mg/ml), the samples were analyzed using an image analyzer system (Comet, version 2.3; Kinetic Imaging, Ltd, United Kingdom). The following comet parameters were evaluated for 100 images per sample: percentage of DNA in tail (T%), tail length (TL), and tail moment (TM = T% x TL). Medians of these parameters for 100 images were used for the characterization of each individual subject.
Determination of GSTM1 Genotpe
The GSTM1 polymorphism was determined by polymerase chain reaction (PCR) with a slight modification (using DNA isolated from WBC) described by Zhong et al. (26) . Two of the three primers used could also anneal to another class M gene (GSTM4), while the third was specific for the GSTMI gene. The GSTMI null genotype was identified on the basis of the absence of the GSTMI-specific fragment. The The results of urine mutagenicity analyzed with respect to the presence of the GSTMI gene for nonsmokers from Teplice are in Table 2 . The higher mutagenic response observed in the null GSTMI genotype group was significant (p = 0.033) only in strain YG 1041, which contained elevated levels of nitroreductase and O-acetyltransferase activities (27) using a microsuspension assay.
A further analysis of the effect of external personal exposures was conducted by applying a multifactor analysis of variance procedure to log-transformed data. Considering personal exposure and adjusting data for age, GSTMI genotype, and diet (evaluated from the questionnaire as Figure  1 . Personal exposures to carcinogenic PAHs (p < 0.01) were significantly higher in the second sampling ( Figure 1) .
The average ambient concentrations of carcinogenic PAHs for weeks and months before sampling days in the follow-up study are shown in Figure 2 . The data before the first sampling on 25 October were not available. The highest differences in the ambient PAH concentrations between the second sampling and the two additional samplings were on the day of sampling (123.2 vs 30.1 and 32.3 ng/m3, respectively); the differences in the 1-week-before samplings were less (46.20 versus 28.98 and 6.44 ng/m3, respectively). The average monthly concentrations of ambient carcinogenic PAHs before these sampling periods were very similar (before the second: 27.9; third: 30.4, and fourth: 22.8 ng/m3).
In the overall follow-up study, a significant correlation between individual (Table 3 ). In a multifactor analysis of variance, after accounting for the PAH exposure, sampling, age, and diet, the effect of the GSTMI genotype on comet parameters became less pronounced (Table 4) .
Discussion
Biomarkers of human exposure, dose, and genetic effects in the general population have recently been studied with respect to exposures from environmental pollution (5) (6) (7) 11, 13, (28) (29) (30) (31) (32) . Perera et al. (5) found that the exposure to environmental pollution in the Silesian region of Poland was associated with a significant increase of DNA adducts, SCE, and CA, as well as with a frequency of ras oncogene overexpression. In this study, DNA adducts were significantly correlated with chromosomal aberrations, providing a possible link between environmental exposure and genetic alterations relevant to diseases. Autrup et al. (31) reported that nonsmoking pregnant women living in a suburban area had higher PAH-albumin adduct levels than comparable women living in a rural area. When the suburban and rural groups were combined, the daily transportation time of these women appeared to be a major factor contributing to the protein adducts, suggesting the importance of exposure to incomplete combustion products from either vehicle exhaust or local heating. In this study, the GSTMI genotype did not alter these PAH-protein adduct levels. None of these studies employed personal exposure monitoring to quantitatively relate individual exposure to specific air pollutants to the levels of biomarkers analyzed.
The studies reported here have measured both ambient environmental levels of airborne carcinogenic PAHs and personal exposure to carcinogenic PAHs, which in both cases are adsorbed to respirable particles. The purpose of this study was to determine the relationship between personal external exposure to PAHs and biomarkers of internal exposure, dose, genetic damage, and metabolic susceptibility. The GSTMI genotype, reported here, is the first metabolic susceptibility marker examined in this population.
Only one of the sampling periods (the second) in the follow-up study had substantially elevated ambient air pollution where the 24-hr personal exposures to PAHs (e.g., benzo[a]pyrene at 7.5 ± 3.6 ng/m3) reached values comparable to those of foundry workers during an 8-hr shift (6 ± 3 ng/m3) (33) . During most of the winter period of this study (1993) (1994) , unusually windy conditions prevented the winter inversion episodes typical of the Teplice district and surrounding districts in northern Bohemia. For this reason, this study will continue for several more years. During three of the four repeated sampling periods the personal exposures were in our pilot study (e.g., DNA adducts, protein adducts, and cytogenetic markers) by analysis of variance, we did not find a relationship between the presence of the GSTMI gene and the other biomarkers. This may be due to the relatively small sample size (n = 21). It has been assumed that lack of the GSTMI gene would result in an increased level of binding of genotoxic compounds with cellular macromolecules (e.g., as measured by DNA and protein adducts). In a study of Swedish chimney sweeps, those with the GSTMI null genotype had only slightly, but not significantly, elevated DNA adduct levels (38) . No effect of the GSTMI genotype on PAH-albumin adduct levels was reported in the study of Danish pregnant women exposed to urban air pollution (31) .
In our study, we have examined the relationship between the GSTMI genotype and PAH exposure, DNA adducts, and the DNA damage parameters as measured by the comet assay. DNA adducts were slightly, but not significantly, elevated in the GSTMI null genotype. The comet assay parameters (T% and TM) were both significantly elevated (p <0.05) in the null GSTMI genotype, consistent with a report that GSTMI null individuals exposed to epoxides have a higher induction of cytogenetic damage (37) .
In both studies the questionnaire data were used to explore the other factors that may affect interindividual variations seen in the biomarker data such as age, consumption of fried or smoked foods, and exposure to tobacco smoke due to passive smoking during the 24-hr period of sampling. These parameters generally were not significant.
In the above discussion of the influence of the GSTMI genotype, the influence of genotype is considered to be a single factor. However, if we perform a multifactor analysis of variance, considering exposure and adjusting the data for GSTMI, age, and diet, these significances disappear. If you do not consider personal exposure, then the group-wide comparison (MannWhitney rank sum U-test) or one-way analysis of variance (Kruskal-Wallis test) will show an erroneously high significance for the effect of the GSTMI null genotype, such as on both comet parameters in our study. Other biomarker studies in progress will be analyzed by this more rigorous multifactor analysis method. These results show the importance of considering all potential factors that may affect the biomarkers being analyzed. In the ideal case, simultaneous biological and statistical significance of differences obtained should be considered.
